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Hydrogen gas production was observed to occur during ATP-driven H÷/K + exchange in anaerobically grown E. coli. 
Neither process was found in aerobically grown cells or anaerobic cells grown on nitrate medium or when the osmotic 
pressure was decreased or K ÷ removed, or finally when DCCD, arsenate or CCCP was applied. Dithiothreitol restored 
the process even in the presence of CCCP but not in other cases of inhibition. A model ofa multienzyme transport super- 
complex is proposed. The supercomplex consists of three genetically independent mechanisms: F0F 1 H+-ATPase to pro- 
vide energy, the K+-transporting Trk system as energy sink and formate-hydrogen lyase as donor of reducing equivalents. 
Within this supercomplex direct ransduction fenergy is accomplished via oxidation of 2 SH to S-S. 
Exchange, H+-K+; Hydrogen evolution; Transport supercomplex; Transmembrane el ctrochemical proton gradient; Thiol-disulfide 
interconversion; ( E. colt) 
1. INTRODUCTION 
Experimental evidence was obtained recently 
that in anaerobically grown E. coli, the FoFl 
H+-ATPase may unite with a K + transporter, the 
so-called Trk system [1], into a single super- 
complex [2,3]. Such a supercomplex functions as 
an ion-exchanging H+/K  + pump with a ratio of 
1ATP:2H+: IK  +. This phenomenon was not 
observed in aerobically grown E. coli [4] and in 
mutant strains of E. coli with defects in FoF1 [5] or 
in the Trk system [6]. In other words, in anaerobic 
bacteria the FoF1 enzyme transfers part of the 
energy of ATP hydrolysis directly to the Trk 
system for creating a K + gradient of 2000:1 [4], 
without participation of the long-range messenger 
A/~H + . 
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The present data allow us to propose a possible 
mechanism of interaction between FoF1 and the 
Trk system. 
2. MATERIALS AND METHODS 
Experiments were carried out with the wild-type E. coli K-12 
(A). Anaerobic ells were grown in a medium containing pep- 
tone with glucose. To obtain anaerobic cells oxidizing formate 
through nitrate/nitrite r spiration [7l, 100 mM NaNO3 was in- 
troduced into the growth medium. Aerobic cells were grown in 
a minimal salt medium with succinate. Bacteria were grown for 
18-22 h at 37°C. Preparation of bacteria for experiments was 
detailed in [8]. Ion fluxes were measured using cation-selective 
glass electrodes as described [8]. The A¢ values were calculated 
from the distribution of tetraphenylphosphonium cations 
(TPP +) with TPP + electrodes in cells treated with 10 mM 
EDTA [9,10]. 
To measure the oxidation reduction potentials both a 
platinum electrode (E~) and an electrode manufactured from 
titanium-silicate glass (Eh) at the Laboratory of Glass Elec- 
trochemistry (Leningrad State University) were used. In con- 
trast with platinum electrodes, those made from 
electron-conducting glass are insensitive to gaseous 02 and H2 
and cannot serve as a catalyst for redox reactions. These distinc- 
tions between two types of electrode allowed us to use platinum 
electrodes torecord the kinetics of He evolution in anaerobic E. 
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coli during ATP-driven H+/K + exchange. To verify this ap- 
proach we also measured H2 production chemically according 
to the reaction 
2KMnO4 + 3H2SO4 + H2 ~ K2SO4 + 2MnSO4 + 4H20 
where a solution with KMnO4 is bleached in the presence ofH2. 
A closed experimental chamber with electrodes was con- 
nected through a tube with a test-tube containing the solution. 
It was established that only anaerobically grown E. coil bleach- 
ed the solution. This effect was detected during the period when 
the platinum electrode indicated a sharp reduction (broken lines 
in figures) in contrast to the true Eh observed with the titanium- 
silicate lectrode. Thus, the kinetics of Hz production recorded 
with the platinum electrode were found to be correct, The 
kinetic curves in the figures represent one of 3-5 independent 
experiments. 
3. RESULTS 
3.1. H2 production by formate-hydrogen lyase 
It was shown in [4] that the difference between 
the rates of H2 extrusion before and after the bend 
in the H + kinetic curves (between 5 and 10 min, 
fig. 1) is the H + efflux passing through the FoF1 [5] 
while the intense accumulat ion of K + during the 
same period occurs via the Trk system [6]. Both 
counter-fluxes are interrelated with a rigid 
stoichiometry of ATP  : 2H + 1K + [2,3,9]. 
The important  feature of the findings in fig. 1 is 
the coincidence in time of H+/K  + pump activity 
and H2 evolution. Anaerobic growth of E. coli 
leads to synthesis of membrane-bound formate- 
hydrogen lyase [7] which splits formate into CO2 
and H2. Synthesis of FHL need not be observed in 
anaerobic E. coli grown in nitrate medium or in 
aerobically grown E. coli. Fig.2 indicates that cells 
without FHL  did not produce H2 (Eh and E~ 
curves are the same in fig.2, cf. fig. 1) and showed 
no H+/K  + pump activity (see also [4]). 
3.2. Absence o f  H2 production without H÷/K  + 
pump operation 
Another approach demonstrates much more 
clearly the link between FHL  and the H+/K  + 
pump.  We showed previously, using appropriate 
mutant  strains of E. coli, that a decrease in exter- 
nal osmotic pressure or application of DCCD 
blocks the F0 proton channel of the FoF1 enzyme, 
whereas the removal of K + from the medium ob- 
viously eliminates Trk activity [5]. Fig.3 indicates 
that product ion of H2 is also lacking under these 
condit ions.  It is important  to note that neither H2 
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Fig. 1, Simultaneous recording of H + and K + fluxes, membrane 
potential (A¢) and redox potential (Eh, E~) measured with a 
titanium-silicate and a platinum electrode, respectively, in
anaerobically grown E. coli. The broken line shows the period 
when the platinum electrode (E~) registered Hz production (cf. 
Eh and E~ curves); after growth, bacteria were washed with 
distilled water and resuspended in the experimental medium 
containing 3 mM KCI, 1 mM NaCI, 0.4 mM MgSO4, Tris- 
phosphate buffer (pH 7.8) and 50 mM glucose. Bacterial count: 
about 5 × 109/ml. During experiments the pH fell from 7.8 to 
6.8. However, the decrease in pH had no effect on the data 
(except for the slow decrease inA~k) because the characteristics 
were the same when pH was maintained at7.8. The transfer of 
bacteria from distilled water into high-osmolarity solution was 
equivalent toan increase in external osmolarity. This procedure 
is necessary for the activation of ATP-driven H+/K + exchange 
[81. 
product ion or H+/K  + exchange was restored by 
DTT in the experiments il lustrated in fig.3. 
3.3. AftH + as a regulator o f  SH groups in the 
membrane 
Despite the noticeable drop in a~k during 
glycolysis (fig.l) the absolute value of the mem- 
brane potential remained sufficiently high. Ac- 
cording to the theory developed by Robil lard and 
Konings [12] such a A¢ value could still support 
normal  transport activity by maintaining the 
necessary asymmetric distr ibution of SH and S-S 
groups inside the membrane.  
E l iminat ion of / t /~H + by CCCP resulted in the 
suppression of H2 evolution and H+/K  + exchange 
(rigA). DTT completely restored the pump and 
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Fig.2. Data analogous to those shown in fig. l but in aerobically 
grown E. coil Similar data were obtained for anaerobic cells 
grown in the presence of 100 mM NaNO3. In this case, I0 mM 
NaNO3 was added to the experimental medium. 
FHL operation. However, DTT could not restore 
zl~k-driven K ÷ uptake [1,4] in aerobic cells treated 
with CCCP (not shown). 
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Fig.3. Data analogous to those in riga but after application of 
0.5 mM DCCD. Similar data were obtained under three other 
conditions: (i) when bacteria were washed with a sucrose 
solution of high osmolarity and transferred to a medium of low 
osmotic pressure [8]; (ii) when K + was removed from the 
medium, and (iii) in the presence of 10 mM sodium arsenate. 
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Fig.4. Inhibition of  H+/K + exchange and H2 production in 
anaerobic E. coli by 10/~M CCCP and recovery of all the 
characteristics by 5 mM DTT. To reactivate H+/K + exchange 
by an osmotic upshift [8] 300 mM sucrose was added. 
Conditions as in fig. 1 except hat the initial concentration of K + 
was I mM. 
4. DISCUSSION 
Based on our findings [2-6,8,9], including the 
present data, we can propose a model of a multien- 
zyme transport supercomplex (fig.5). The reaction 
2SH , S-S + H2 is accompanied by evolution of 
H2 and is characterized by a ziG of - 35 k J/tool, 
20 k J /tool  of  which is evidently utilized for 
counter-gradient accumulation of K + (2000: 1 [4]). 
At the same time, the FoF1 H+-ATPase transfers 
one H + against he A/~H + and the second H + only 
against ApH (electroneutral exchange of H + vs K + 
at a H+/K  + stoichiometry of 2:1, see [3]). 
Translocation of 2 H + requires about 15 k J /mol  
in anaerobic E. coli at pH 7.8 and a zl~k of 150 mV. 
Since the phosphate potential in E. coli is about 
50 k J /mol  [13], the energy required for operation 
of the supercomplex does not exceed that of ATP 
hydrolysis. 
A difference in the electrochemical potential of  
H + is essential for maintaining sulfhydryl groups 
in the system [12]. As shown in rigA, A/~H + can be 
substituted with DTT. This means that the ar- 
tificial chemical regulator of SH groups, DTT, is 
equivalent to the natural electrochemical form, 
zl/~H+. The compulsory occurrence of Apq-I + or ap- 
plication of DTT for the transfer of reducing 
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Fig.5. Model of the multienzyme transport supercomplex 
composed of FoF1 H+-ATPase as a donor of energy, formate- 
hydrogen lyase (FHL) as a donor of reducing equivalents and 
the K ÷ transport Trk system, as an acceptor of energy. 
equivalents i  somewhat extraordinary because the 
formate/CO2 couple has a redox potential of 
- 0.42 V while that of the 2SH/S-S couple is only 
-0.34 V. 
Extrapolation of our findings to other transport 
systems leads to the conclusion that direct 
transduction of energy through a dithiol-disulfide 
interchange is impossible without he participation 
of A/ill ÷ (see also [12]). Putting it another way, 
oxidative phosphorylation or photophosphoryla- 
tion cannot proceed through direct transfer of 
energy but only with mediation of A/~H ÷. 
Acknowledgements: We wish to thank Drs E.A. Karagulin and 
G.V. Sumarukov for valuable advice and Dr A.G. Vardanian 
for assistance with some measurements. 
REFERENCES 
[1] Rhoads, D.B. and Epstein, W. (1977) J. Biol. Chem. 252, 
1394-1401. 
[2] Martirosov, S.M. and Trchounian, A.A. (1982) 
Bioelectrochem. Bioenerg. 9, 459-467. 
[3] Bourd, G.I. and Martirosov, S.M. (1983) Bioelectrochem. 
Bioenerg. 10, 315-333. 
[4] Martirosov, S.M. and Trchounian, A.A. (1986) 
Bioelectrochem. Bioenerg. 15, 417-426. 
[5] Martirosov, S.M. and Trchounian, A.A. (1983) 
Bioelectrochem. Bioenerg. 11, 29-36. 
[6] Martirosov, S.M. and Trchounian, A.A. (1981) 
Bioelectrochem. Bioenerg. 8, 597-603. 
[7] Gottschalk, G. (1979) Bacterial Metabolism, Springer, 
Berlin. 
[8] Durgaryan, S.S. and Martirosov, S.M. (1978) 
Bioelectrochem. Bioenerg. 5, 554-560. 
[9] Khachatryan, A.Z., Durgaryan, S.S. and Martirosov, 
S.M. (1988) Biochim. Biophys. Acta 934, 191-200. 
[10] Grinius, L.L. (1986) Transport of Macromolecules in 
Bacteria, Nauka, Moscow (in Russian). 
I11] Midgley, M., Iscander, N.S. and Dawes, E.A. (1986) Bio- 
chim. Biophys. Acta 856, 45-49. 
[12] Robillard, G.T. and Konings, W.N. (1982) Eur. J. Bin- 
chem. 127, 597-604. 
[13] Kashket, E.R. (1983) FEBS Lett. 154, 343-346. 
152 
